Objective: This study was designed to test whether fractional absorption calculated from urinary enrichment of stable isotopes of zinc accurately re¯ects true absorption measured by faecal monitoring. Design: The two techniques were directly compared in volunteers, whereby each subject acted as his/her own control. Setting: Volunteers were healthy adults, living at home, who were taking part in a larger study on zinc. They attended the local hospital for isotope administration. Subjects: Fifteen volunteers were recruited, seven of whom had non-insulin dependent diabetes mellitus. All completed the study, but ®ve did not carry out a complete faecal collection. Interventions: Each subject received an oral and i.v. dose of different stable isotopes of zinc with breakfast. Faecal and urinary enrichment with the isotopes was measured. Results: There was no signi®cant correlation between the two measures of absorption. Conclusions: The double label stable isotope technique for determining zinc absorption from measurements of urinary enrichment does not reliably predict true zinc absorption (measured by faecal and urinary monitoring) in a heterogenous group of adults given relatively low doses of stable isotopes of zinc. Sponsorship: This work was funded by the European Commission (Training and Mobility Programme).
Introduction
Zinc absorption can be measured from isotopically-labelled foods using a faecal monitoring technique, which requires complete faecal collections to be carried out by volunteers, often for lengthy periods of time (Davies, 1984; Turnlund, 1989) . Since this is inconvenient and prone to errors associated with incomplete recovery, alternative methods for determining zinc absorption have been sought.
A double isotope method for determining true absorption of calcium in urine samples is well established (Yergey, 1987; Yergey et al, 1994; Eastell et al, 1989) . After oral and intravenous (i.v.) administration of different stable isotopes of calcium, the enrichment of both isotopes in urine is measured in a 24 h pooled urine, and fractional absorption (FA) calculated as the ratio of the integrals of oral to i.v. label. Values for FA are highly correlated with those obtained from metabolic balance studies. The ability to use urinary instead of faecal data to calculate FA would greatly facilitate zinc absorption studies in humans. Friel et al (1992) modi®ed the method for calcium in order to calculate zinc absorption in urine after oral and i.v. administration of two different stable isotopes of zinc and reported`good agreement' between FA calculated from urinary data compared with FA calculated from faecal data in a study with four normal adults. However, the method needs more detailed validation in a larger group of volunteers before it can be recommended.
Materials and methods
This study was carried out as part of a project investigating zinc metabolism in human volunteers which was approved by the Norwich District and Institute of Food Research Ethics Committees.
Subjects
Seven volunteers with non-insulin dependent diabetes mellitus were recruited through the West Norwich Hospital, Norwich, UK, during a routine check-up visit. Eight healthy adults were taken on the the study after they had responded to advertisements on notice boards or in the local newspaper. Subject characteristics are shown in Table 1 .
All food consumed was recorded for seven days in a diary, and total intakes of energy, protein and zinc were calculated using the IFR nutrient database (Holland et al, 1991) , as shown in Table 2 . Zn) was administered i.v. by means of a cannula inserted in an arm vein. Two capsules of carmine were taken with the evening meal.
Preparation of isotope solution

Collection of samples
Complete 24 h urine collections were made over the following 5 d. Acid-washed, labelled 2 l bottles were collected daily from the subjects, the total volume of urine recorded and a subsample of 200 ml mixed with 30% HCl (10 M) and stored at 7 18 C. The volunteers carried out complete faecal collections until the disappearance of all traces of carmine. However, some found the prolonged collection time too inconvenient and did not comply fully with the instructions.
Analysis of samples
All chemicals and equipment in contact with samples were found to contribute negligible qualities of zinc to the samples. Acids used were`aristar' grade, and the glassware and plasticware were soaked in acid before use. Urine samples (25 ml) were digested with 30% concentrated hydrochloric acid (BDH Chemical Limited, Poole, UK) in a microwave oven (MDS-2000, CEM Microwave Limited, Buckingham, UK) in air-tight containers according to the schedule in Table 3 .
The total faecal collection was bulked, weighed, autoclaved, freeze-dried and weighed again to determine the water content. It was then homogenized in a household blender, sieved and the number of radio-opaque markers recovered from each faecal sample was recorded. A subsample (3±5 g) was heated in a muf¯e furnace to 500 C for 48 h in silica crucibles and the ash mixed well. Portions of the ash (0.5 mg) were weighed into silica crucibles, dissolved in 1 ml 10 M HCl, warmed and the solution transferred to a 10 ml volumetric¯ask and made up to volume with Millipore water (MilliQ 50 , Millipore Corporation, Watford, UK).
The zinc content of urine and faeces was determined bȳ ame AAS (PU9000, Philips, Cambridge, UK). Zinc standards of 0.2 ppm, 0.5 ppm, 1.0 ppm and 1.5 ppm in 10% HCl were used for calibration. Standards were run after every ®ve samples and the standard curve recalibrated when the reading of the zinc standard solution deviated more than 5% from the nominal value. With each batch of urine Seronorm standard material (Seronorm trace element urine 009024, Nycomed AS, Oslo, Sweden) with certi®ed zinc values was analysed. When preparing standardised material for faecal analysis, dried tomato leaves (National Bureau of Standards, Gaithersburg, USA) were carried through the same procedures as the faecal samples.
Isotopic ratios of 66 Zn/
67
Zn and 66 Zn/ 70 Zn were determined by thermal ionization quadrupole mass spectrometry (TIQMS, Finnigan-MAT GmbH, Bremen, Germany). Zinc was separated from other cations by ion exchange. Plastic pipette tips (1 ml) (Sarsted Limited, Leiceser, UK) were used as column, ®lled with 1 ml anion exchange resin, 200±400 mesh, chloride form (AG1 6 8, BioRad Laboratories, Hemel Hempstead, UK). The resin was eluted with 0.04 M HCl. The ®rst 0.5 ml was discarded, and the following three fractions (3 6 1.5 ml) were collected in Eppendorf tubes. The fractions were dried in the tubes under a hot lamp in a laminar¯ow cabinet and sealed until TIQMS analysis (Eagles et al, 1989) . The proportion of isotopic doses in urine and faeces was estimated using simultaneous equations, as described by Fairweather-Tait et al (1993) .
Apparent absorption (AA) was calculated as oral dose minus sum of excreted oral isotopic zinc in the faecal samples. Endogenous losses from bile, pancreatic¯uids and desquamated gut cells were estimated from the percentage of the i.v. isotope in the faeces (that is the percentage of oral dose which has been absorbed and re-excreted) and used to estimate true absorption (TA) of zinc from the oral dose. (Lentner, 1984) .
Fractional absorption using urinary data was calculated as follows FA urinary enrichment from oral dose urinary enrichment from iXvX dose Â iXvX dose oral dose
Statistical analysis
Regression analysis was performed on the true absorption (measured by faecal balance) and fractional absorption (measured in urine samples) data using a GENSTAT program (Payne et al, 1987) .
Results
There was no signi®cant difference in the mean daily zinc intake between diabetic subjects and healthy volunteers.
The zinc intake of all individuals participating in the study was assumed to be satisfactory, since it was above the estimated average requirement of 7.3 mg/d and 5.5 mg/d for men and women respectively. FA determined from urinary data was calculated separately for each of the ®rst ®ve days for each individual, as shown in Table 4 and Figure 1 . Apparent and true absorption were calculated from the faecal data, also shown in Table 4 . Complete recovery of non-absorbable markers was obtained for 10 subjects, and TA was calculated. There was a day-to-day¯uctuation in FA with no consistent trend. Regression analysis showed no signi®cant correlation between TA and either FA (mean of all days) or FA (mean of days 3±5 urine collections).
Six volunteers carried out urine collections in 12 batches. The enrichment of oral and i.v. dose ( 67 Zn and 70 Zn respectively) for each individual is shown in Figures   2a±f . Data points on the Figures are the result of duplicate determinations; duplicates were acceptable when they were within a 5% error limit. In the remaining volunteers who collected their urine in 24 h batches the decline in isotopic enrichment from oral and i.v. dose in urine was similar, but because fewer data points were available these graphs are not shown in the present paper.
Discussion
Values for FA were very variable and the pattern of increase or decrease was inconsistent (Figure 1) . Maximal FA did not occur at any speci®c day post-dosing and differed considerably from the results calculated from the faecal monitoring data. Friel et al (1992) determined FA in faeces by extrapolating the curve of cumulative faecal excretion of the oral dose back to the y-axis, as described by English et al (1989) . According to their study, cumulative excretion determined in faeces is`in close agreement' with the measurements obtained from FA in urine (FA u ), as shown in Table 5 . Although FA u and FA f are of the same magnitude, the errors are not within the acceptable error limit of 5%. Zinc absorption from urinary samples A Rauscher and S Fairweather-Tait et al
As can be seen from the Figure 2a±f , in all individuals urinary enrichment declined with time but not in any particular pattern. The absence of smooth decay curves is probably due to homeostatic mechanisms whereby zinc is retained or excreted depending on the daily zinc supply and physiological requirements. The apparent lack of enrichment of urine with stable isotope in some volunteers may be explained by large urine volumes. The samples are then very dilute and enrichment is below the limit of detection. Because of the different route of isotope administration, zinc from the i.v. and oral doses may be distributed differently between the zinc binding transport proteins and the exchangeable body pools of zinc and therefore exhibit non-parallel curves of disappearance. Similar observation have been reported by Fairweather-Tait et al (1993) . Because a proportional decline of both isotopes in urine is not observed in some subjects, the statement by Friel et al (1992) that there is close agreement between the results obtained from two techniques is questionable. Furthermore, a study with four volunteers is not adequate for a recommendation that urine enrichment with stable isotopes of zinc can be used to measure`easily and accurately' the FA of an oral dose of zinc in human subjects. Our data do not support the suggestion that urine collections need not be complete and that any sample taken at the appropriate time (that is after 40 h) will provide the necessary information required for the determination of FA. The reference method (Friel et al, 1992) has not been validated in volunteers with a disturbed zinc metabolism (as possibly occurs in diabetes mellitus). It is obvious that in a rather heterogenous group given relatively low doses of zinc isotopes, as in the present study, the double isotope method is not applicable.
